Abstract
Introduction
Hyperuricaemia has been identified as a potential risk factor for gout, dyslipidaemia and hypertension in the clinic but is also strongly associated with cardiovascular diseases, including atrial fibrillation, ischaemic heart disease and heart failure [1] [2] [3] [4] [5] [6] . Moreover, increased uric acid (UA) concentration may reflect increased activity of the xanthine oxidase pathway, an important source of oxygen free radicals, which are related to various detrimental processes, such as increased cytokine production, cell apoptosis and endothelial dysfunction and may contribute to abnormal energy metabolism in human cardiomyopathy [7] [8] [9] [10] . However, the molecular mechanisms of high UA (HUA) level associated with cardiovascular disease remain poorly understood.
Reactive oxygen species (ROS) are generated by a variety of endogenous and exogenous processes through several pathways; mitochondria are the major source of intracellular ROS [11] [12] . ROS are generally believed to be harmful to cells and tissues [13] . HUA levels increase oxidative stress in multiple cells [14] [15] [16] [17] [18] and cause damaged endothelia, renal injury, insulin resistance and inflammation. The three members of the mitogen-activated protein kinase (MAPK) family, extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38, regulate a variety of physiological processes, such as cell growth, metabolism, differentiation and cell death. Several signalling cascades, including those involving the MAPKs p38 and ERK, as well as phosphoinositide 3-kinase (PI3K)/Akt and JNK, regulate the dedifferentiation of cells by modulating the generation of ROS [19] [20] . Although ROS may inhibit cell differentiation, the mechanisms involved have not been fully elucidated. A previous study of rabbit chondrocyte cartilage degradation suggested that ROS modulates the ERK/p38 signalling cascades, thereby leading to dedifferentiation and inflammation. However, whether HUA interferes with ERK/p38 signalling in cardiomyocytes remains unclear.
In the present study, we investigated the effect of HUA on oxidative stress, ERK/p38 and PI3K/Akt signalling, as manifested by changes in ROS production, cardiomyocyte viability and phospho-ERK/p38 and phospho-PI3K/Akt activity in cardiomyocytes and cardiac tissue from an acute hyperuricaemia mouse model. We examined whether the antioxidant, N-acetyl-L-cysteine (NAC), and PD98059, an ERK inhibitor, could prevent HUA-inhibited cardiomyocyte viability, to examine the potential role of oxidative stress and ERK/p38 signalling in the process.
Materials and Methods
Reagents 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT), 2, 7,-dichlorodihydrofluorescein diacetate (DCFH-DA), UA, PD98059 and insulin were from Sigma (St. Louis, MO, USA). Anti-phospho/ total-ERK, anti-phospho-Akt and anti-Akt antibodies were from Bioworld (St. Louis Park, MN, USA). Antiphospho/total-p38 antibodies were from Cell Signaling (Danvers, MA, USA). Anti-phospho-PI3K and anti-Pi3K antibodies, rabbit GAPDH and SB203580 were from Abcam. NAC was from ENZO Life Sciences (Farmingdale, NY, USA). All chemical reagents were of analytical grade. For the primary buffer, a UA (final concentration 15 mg/dl) stock solution was prepared at 15 mg/ml in 0.5 M NaOH. An NAC stock solution was prepared at 500 mM in ultrapure water. In experiments involving reagents, cells were pre-treated with antioxidant (NAC, 5 mM), ERK inhibitor (PD98059, 20 mM) or insulin (100 nM) for 30 min before adding UA.
Cell culture and treatment
Cellular studies were conducted with H9c2 rat heart-derived embryonic myocytes (CRL-1446; American Type Culture Collection, Manassas, VA) incubated with DMEM or low-glucose MEM supplemented with 10% foetal bovine serum (FBS), 100 U/ml penicillin G, 100 mg/ml streptomycin, and 2 mM L-glutamine. Primary cardiomyocytes were obtained from neonatal C57BL/6 mice, as previously reported [21] . Cells were incubated at 37°C with 5% CO2 and 95% air. For all experiments, cells were plated in 6-well plates at 2.0×105 cells/ml. For HUA treatment, cells were incubated with 15 mg/dl HUA in fresh cell-culture medium for 24 h or the indicated times, then harvested for biochemical or molecular assays. All experiments were repeated at least 3 times. 
Cell viability
The viability of H9c2 cardiomyocytes was determined by MTT assay. Cells were inoculated at 4000 cells/well into 96-well plates and treated with UA at various concentrations (0-15 mg/dl). At 12, 24, 48 , and 72 h after exposure to UA, the culture medium was discarded and 150 µl of MTT solution was added to each well (0.5 mg/ml, final concentration) and incubated at 37°C for 4 h. Then, MTT solution was removed and 150 µl of DMSO was added to dissolve the formazan crystals. The absorbance was measured at 492 nm on a microplate reader. The optical density of the treated cells was normalized to that of control cells (0 mg/dl).
Measurement of intracellular ROS levels
Cells were subcultured in 6-well plates (2.0×105 cells/well), allowed to attach for 24 h, exposed to HUA (15 mg/dl) for 24 h, and stained with 10 mM DCFH-DA for 30 min at 37°C as described [22] . Stained cells were imaged by fluorescence microscopy and analysed by flow cytometry with excitation and emission at 530 and 480 nm, respectively.
Animals
This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the U.S. National Institutes of Health. The protocol was approved by the Committee on the Ethics of Animal Experiments of the University of Shantou (Permit no. SYXK2007-0079). Eight-week-old male C57BL/6J mice (20±2 g) were from Vital River Laboratories (Beijing) and housed in the Laboratory Animal Center of Shantou University Medical College. All surgery was performed under sodium pentobarbital anaesthesia, and all efforts were made to minimize suffering. Mice were fed a standard diet and maintained in individual cages with routine light-dark cycles and allowed to adapt to the laboratory environment for 1 week. Animals were anaesthetized by injecting sodium pentobarbital (50 mg/ kg intraperitoneally). Single ventricular myocytes were isolated as described [23] .
Ten-week-old male C57BL/6J mice were randomly assigned to 2 groups (n = 4 each) for treatment: control and HUA. For HUA treatment, following an 18-h overnight fast, mice received an intraperitoneal (i.p.) injection of potassium oxonate (300 mg/kg) and intragastric administration of hypoxanthine (500 mg/kg) for 1-2 h to create the acute hyperuricaemia model. The volume of the drug was based on body weight measured immediately before each dose. Then, the serum UA level was measured at different times by the phosphotungstic acid method [24] . For control and HUA mice, left-ventricle cardiac muscle tissue was excised. All tissue samples were immediately stored in liquid nitrogen.
Western blot analysis
Cells were lysed, sonicated and homogenized in radioimmunoprecipitation assay (RIPA) buffer, supplemented with protease inhibitors (1 mmol/l phenylmethanesulfonyl fluoride, PMSF) and phosphatase inhibitors (phosphatase inhibitor mixture I). The supernatant protein concentration was determined by use of the BCA Protein Assay Kit (Pierce, IL, USA), then equal amounts of total protein underwent 10% SDS-PAGE and were transferred to polyvinylidene difluoride membranes (Millipore, Shanghai), which were blocked with 5% non-fat milk and incubated with primary antibodies for phosphorylated and total proteins (1:1000 dilution), then horseradish peroxidase-conjugated secondary antibody (1:10, 000 dilution). An enhanced chemiluminescence kit (Pierce, IL, USA) was used for signal detection. Images of blots were acquired by using a digital image processing system (Universal Hood II76S/0608, Bio-Rad, Hercules, CA) and quantified by use of Quantity One (Bio-Rad).
Statistical Analysis
Data are described with the mean ± SD and were analysed by using SPSS17.0 (SPSS Inc., Chicago, IL) with unpaired Student t test or one-way ANOVA. Significant differences were determined by Duncan multiple range tests. Data were considered significant at P < 0.05.
Results

HUA inhibits viability of H9c2 cardiomyocytes
To examine the effect of UA on cell viability, H9c2 cardiomyocytes were treated with different concentrations of UA (0-15 mg/dl) for various times, and cell viability was evaluated by MTT assay. UA time-and dose-dependently inhibited the viability of H9c2 cardiomyocytes (Fig. 1A) . Pre-incubation with HUA (15 mg/dl) decreased cell viability by 21% and 32% at 24 h and 48 h, respectively; whereas, with a lower concentration of UA, a longer time was needed for a similar level of growth inhibition. We used 15 mg/dl for subsequent experiments.
HUA inhibited cardiomyocyte viability via oxidative stress
The ROS level was higher in H9c2 and primary cardiomyocytes with, rather than without, HUA treatment ( Fig. 1C-1H ). Pre-treatment with the antioxidant NAC partially reversed the HUA-generated ROS (Fig. 1C-1H ), which suggests that HUA directly caused oxidative stress in cardiomyocytes. To test whether HUA treatment inhibited cardiomyocyte viability via oxidative stress, pre-treatment with NAC reversed the HUA-inhibited viability of H9c2 cardiomyocytes (Fig. 1B, 1C-1H ), so oxidative stress may play a key role in HUA-inhibited viability in H9c2 cardiomyocytes. 
HUA-inhibited cardiomyocyte viability was mediated by an increased phospho-ERK/p38
level via oxidative stress ERK and p38 regulate a variety of physiological processes such as cell growth, metabolism, differentiation and cell death. We examined whether HUA-inhibited cardiomyocyte viability was mediated by ERK and p38. HUA exposure increased phospho-ERK and phospho-p38 levels in H9c2 and primary cardiomyocytes ( Fig. 2A-2B) . Furthermore, NAC plus PD98059, an ERK inhibitor, reversed the HUA-activated level of phospho-ERK/p38 in the cardiomyocytes Fig. 2A-2B ). Moreover, pre-treatment with NAC, PD98059 and SB203580 reversed the HUA-inhibited viability of H9c2 cardiomyocytes (Fig. 3C, Fig. 4A ). Additionally, SB203580, a p38 inhibitor, reversed HUA-activated phospho-p38 and phospho-ERK levels in H9c2 cardiomyocytes (Fig. 3A-3B ). Hence, HUA inhibited cardiomyocyte viability through the ERK/p38 pathway (p38 regulated by ERK) via oxidative stress.
HUA inhibited phospho-PI3K/Akt expression, but insulin, a PI3K/Akt activator, did not affect HUA-inhibited cardiomyocyte viability
The Akt family of intracellular Ser/Thr kinases regulates both cardiac growth and metabolism [25, 26] . Akt regulates insulin-stimulated glucose uptake downstream of PI3K in cardiomyocytes [26] . We determined whether HUA-inhibited cardiomyocyte viability was mediated by PI3K/Akt. HUA inhibited and insulin increased phospho-PI3K/Akt expression (Fig. 4B-4C ). However, insulin did not affect HUA-inhibited cardiomyocyte viability (Fig.  4D) . Therefore, the PI3K/Akt signal pathway may not be involved in mechanisms of HUAinhibited viability of H9c2 cardiomyocytes.
Hyperuricaemia increased the phospho-ERK/p38 level in mouse cardiac tissue
As expected, serum UA levels in our mouse model were higher after, rather than before, hyperuricaemia induction (113.81±17.98 vs 38.03±2.68 mg/l), which agreed with levels in patients with primary hyperuricaemia [27] . We examined ERK/p38 signalling in cardiac tissues of the acute hyperuricaemic mouse model. Hyperuricaemia increased phospho-ERK/ p38 level in mouse cardiac tissues (Fig. 4E-4F ), which demonstrates a profound effect of hyperuricaemia on hyperuricaemic-related cardiac damage in vivo.
Discussion
Oxidative stress is caused by abnormal cell metabolism exceeding the physiological buffering capacity. Oxidative stress has been described to increase cellular ageing, thus weakening organ function [28] . Previous studies have demonstrated that HUA increases oxidative stress in a variety of cell types, such as pancreatic ß cells, adipocytes and mesangial cells. ROS are second messengers that mediate gene transcription, cell proliferation, necrosis, apoptosis and differentiation in a variety of cell types [29] . In this study, we investigated the effect of HUA on cardiomyocytes and myocardial tissues from an acute hyperuricaemic mice model. HUA decreased H9c2 cardiomyocyte viability and increased ROS production in H9c2 cardiomyocytes; pre-treatment with NAC and PD98059 reversed HUA-inhibited viability of H9c2 cardiomyocytes. Thus, HUA inhibits cardiomyocyte viability through the ERK/p38 pathway via oxidative stress. Furthermore, the acute hyperuricaemic mice model showed an increased phospho-ERK/p38 level and inhibited phospho-PI3K/Akt level in myocardial tissues.
Serum HUA is strongly associated with many cardiovascular diseases, such as heart failure [2, 3] , hypertension [5] , and coronary artery disease [4, 6] , but a pathological mechanism to explain this association has been missing. In previous studies [30] , doxorubicin significantly induced ROS production and impaired cardiomyocyte viability. Indeed, reduced ROS production prompted survival of a variety of cell types [31] . In the present study, HUA stimulated ROS formation, thereby impairing H9c2 cardiomyocyte viability.
Dedifferentiation and inflammation are supported by an intracellular signalling network involving the MAPK and PI3K/Akt pathways [32] . MAPKs are a family of proteins promoting a phosphorylative signalling cascade, leading to the activation of transcription factors involved in cellular dedifferentiation or inflammation [20] . Phosphorylated Akt translocates to the nucleus and phosphorylates numerous target molecules to mediate signals [19] . ROS induces dedifferentiation, inflammation and proliferation in a variety of cell types via the temporal activation of the MAPK and PI3K pathways [19, 20] . We explored several cellular signalling pathways suggested to be stimulated by ROS. MAPKs, mainly including Cellular Physiology and Biochemistry
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ERK, p38 and JNK, are also key regulators of cell survival [32] . We chose ERK/p38 as a representative signalling effecter in the MAPK signalling pathway. Phosphorylation of ERK/ p38 was significantly enhanced with HUA, which indicated an involvement in the impaired survival of H9c2 cardiomyocytes. We also tested cell viability with MTT assay and found that HUA time-and dose-dependently impaired cardiomyocyte viability. Therefore, HUA reduced cardiomyocyte viability via the ROS-ERK/p38 pathway. This result is consistent with other studies showing the stress response effect of abnormal stimulation on cardiomyocytes [34, 35] . Moreover, we determined whether HUA-inhibited cardiomyocyte viability was mediated by PI3K/Akt. HUA inhibited but insulin promoted phospho-PI3K/Akt expression. However, insulin did not affect cardiomyocyte viability inhibited by HUA. Thus, the PI3K/Akt signal pathway may not be involved in mechanisms of HUA inhibiting cardiomyocyte viability.
Conclusion
In summary, HUA inhibited cardiomyocyte viability through ERK/p38 pathway via oxidative stress. We provide a novel potential mechanism for hyperuricaemia associated with cardiovascular disease. However, further study is needed to confirm how HUA leads to myocardial injury and its significance in heart disease.
Limitations
Our study contains some limitations. First, we studied only the effect of HUA on H9c2 cardiomyocyte viability and did not assess its effect on cardiomyocyte apoptosis. We did not compare the contribution of cardiomyocyte viability in heart function loss. Second, the ERK/ p38 signal pathway is not the only regulator of cell viability. We did not study the other signal pathways.
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